Abstract. New enantiomeric amides (-)-6, (+)-7, (+)-6, and (-)-7 were formed by the reaction of the natural dimeric phthalide racdiligustilide (rac-1) with (R)-(+)-α-methylbenzylamine and (S)-(-)-α-methylbenzylamine. The absolute configurations of compounds 6 and 7 were assigned by the analysis of electronic circular dichroism curves by means of the exciton chirality method. Compounds 1, 4, 5, (-)-6, (+)-6, (+)-7, and (-)-7 exhibited cytotoxic activity towards several human tumor cell lines.
Introduction
The rhizome of Ligusticum porteri C. & R. (known as "oshá") has been used in traditional medicine to treat colds, sore throats and stomachaches [1] , and infusions are employed in ritual curing ceremonies by the Raramuri and the Zuni Indians [2] . The main components of L. porteri are Z-ligustilide, Z-butylidenephthalide, ferulic acid, rac-diligustilide (1) , rac-tokinolide B (2) , and rac-riligustilide (3) among other constituents [3, 4] . Rac-diligustilide (1) and rac-tokinolide B (2) have been obtained via [π4s + π2s] cycloaddition using Z-ligustilide as diene and dienophile [5, 6] , and the acid catalyzed reaction of the monomer afforded linear dimeric products [7] . The chemical reactivity of rac-diligustilide has been the subject of several studies. Treatment under basic conditions of rac-diligustilide (1) afforded products with intramolecular carbon-carbon and oxygen-carbon connectivities [8] . The hydrolysis in basic media of 1 yielded a mixture of demethylwallichilide (4) and the diketo diacid of rac-diligustilide (5) [6] . Base catalyzed treatment of rac-diligustilide (1) under several reactions conditions afforded intramolecular condensation derivatives [9] . Recently, we reported the preparation of enantiomeric derivatives of rac-tokinolide B (2) , determined their absolute configurations and evaluated their cytotoxic activity [10] . In this context, we were interested in obtaining enantiomeric derivatives of racdiligustilide (1) that could be evaluated in some human cancer cell lines as cytotoxic agents.
Results and Discussion
As an initial study for the preparation of enantiomerically pure derivatives of rac-diligustilide (1), we examined different reaction conditions to prepare the diastereomeric salts from the carboxylic acids, rac-demethylwallichilide (4) and the rac-diketo diacid of diligustilide (5) with enantiomerically pure amines, (R)-(+)-and (S)-(-)-α-methylbenzylamine. However, these reactions were unsuccessful, since lactonization (to produce rac-1) is a competitive process under these reaction conditions. Therefore, we undertook direct attempts to transform the natural product rac-1 with optically active amines. Fortunately, treatment of rac-diligustilide (1) in toluene under reflux with enantiomerically pure (R)-(+)-and (S)-(-)-α-methylbenzylamine led to a mixture of diastereomeric amides [(-)-6 + (+)-7 and (+)-6 + (-)-7, respectively] (Scheme 1) in a convenient preparative yield. The mixture of products from each reaction was separated by chromatographic procedures to obtain pure compounds as colorless oils. The stereochemical relationships were confirmed by their spectroscopic properties, the specific The absolute configurations of the diastereomeric amides (-)-6, (+)-6, (+)-7, and (-)-7 were determined by the interpretation of the electronic circular dichroism (ECD) with the assistance of the exciton-chirality method [11] [12] [13] using the preferred conformations computed by energy minimization [14] .
The experimental ECD spectra for compounds (+)-6, (-)-6, (+)-7, and (-)-7 were rather complicated due to the overlap of several exciton couplets of the different chromophores (the α,β,γ,δ-unsaturated-γ-lactone, the ketone group, the α,β-unsaturated amide and the benzene moiety). To facilitate the interpretation of the ECD spectra, and particularly, for the identification of the spatial arrangement of the chromophores, we considered the Newman projections through five σ bonds taking C-7 at the front and C-2″ at the back as the extremes (Figures 2A and  2B for compound (-)-6 of the preferred conformation [14] . C-7 and C-2″ are chiral carbons vicinal to the chromophores.
In the low energy region of the CD of the levorotatory (and major) product of the reaction of rac-1 with (R)-(+)-α-methylbenzylamine ( Figure 3 , curve a) were observed two Cotton effects [n→π* 304 nm (Δε+2.19); π→π* 267 (Δε -5.25)] which were weaker in intensity than those transitions attributed to the α,β,γ,δ-unsaturated γ-lactone and benzene moieties. The first one was negative [237 nm (Δε -11.46) ] and the second one was positive [206 nm (Δε +7.27)], defining a negative chirality, therefore, this curve was assigned to structure (-)-6 in agreement with the spatial disposition of the two chromophores for this structure ( Figures 2C,2D) , establishing the abso- The Cotton effect of the dextrorotatory (and major) product obtained for the reaction of rac-1 with (S)-(-)-α-methylbenzylamine [271 nm (Δε +11.96) and 203 nm (Δε -8.23)] was enantiomeric with respect to that of (-)-6 and showed positive chirality, establishing 6S, 7S, 3′aS, 6′S and 2″S as the absolute configuration for (+)-6. Complementary to this, (-)-7 exhibited only one ECD extreme at 272 nm (Δε -11.35) as the first Cotton effect, while the second effect was buried in a strong negative background ellipticity. A negative contribution of the benzene moiety and the α,β,γ,δ-unsaturated γ-lactone chromophores established the absolute configuration 6R, 7R, 3′aR, 6′R and 2″S for (-)-7 (Scheme 1).
Considering the pharmacological importance of the dimeric phthalides and their potential as cytotoxic agents [10, 15, 16] , we tested the isolated derivatives against three human cancer cell lines following standard protocols [10, 17] . The IC 50 values are shown in Table 1 . The results indicated that the natural product rac-diligustilide (1) showed the best activity compared with its carboxylic derivatives rac-4 and rac-5. There are differences in the bioactivities of the enantiomers, with (+)-6 being approximately 3-fold more active than (-)-6 and (-)-7 being approximately 3-fold more active than (+)-7 with the exception of the K562 line. While the enantiomeric derivatives (-)-6, (+)-7, (+)-6 y (-)-7 were promising, they were also nonselective and displayed only marginally better inhibitory activity than the parent compound toward the cell lines tested.
These results confirm the unique features of the chemistry of dimeric phthalides [3] [4] [5] [6] [7] [8] [9] [10] . In this case, only the 1,2-nucleophilic addition of the chiral amine to one lactone was observed, confirming the relative stability of the α,β,γ,δ-unsaturated γ-lactone of rac-1, and no intramolecular reactions were observed. The differences in bioactivity of the enantiomeric lactams indicate the chiral nature of the targets.
Experimental Section General Experimental Procedures
Rac-diligustilide (1) was isolated from the acetone extract of the rhizomes of Ligusticum porteri by column chromatography [3] , carried out on silica gel (230-400 mesh, Merck). Thin layer chromatography analyses were done on aluminum-backed silica gel 60 F254 plates (0.20 mm thickness) plates (Merck) and visualization of chromatograms were under UV lamp and then with solution of ammonium cerium sulfate. Infrared spec- Ultraviolet spectra were determined on a Shimadzu UV160U Instrument. The optical rotation was measured in MeOH using a Perkin-Elmer 341 polarimeter. The 1 H and 13 C NMR experiments were performed at 25 ºC using Varian UnityPlus 500 spectrometer (at 500/125 MHz), the spectra were recorded in CDCl 3 (7.26 and 77 .0 ppm, for 1 H and 13 C NMR, respectively) as reference. The chemical shifts (δ) are expressed in ppm relative to TMS, and the coupling constants (J) in Hz. EIMS and HRMS (FAB + ) spectra were recorded on a JEOL SX102A mass spectrometer. The (R)-(+)-and (S)-(-)-α-methylbenzylamine Chiraselect ≥ 99.0% (Sum of enantiomers, GC) were purchased from Fluka Sigma-Aldrich.
Preparation of rac-demethylwallichilide (4) and racdiketodiacid of diligustilide (5) Demethylwallichilide (4) [6] and rac-diketodiacid of diligustilide (5) [9] were prepared following the procedures previously described.
Treatment of 4 with (R)-(+)-α-methylbenzylamine
Demethylwallichilide (4, 10 mg, 0.025 mmol) was dissolved in EtOAc (10 mL) and (R)-(+)-α-methylbenzylamine (6 µL, 0.04 mmol) was then added. The reaction mixture was stirred at room temperature and then refluxed for 5 h. After usual work up, a yellow oil was obtained which was purified by TLC preparative (n-heptane/EtOAc, 2:3) to afford rac-diligustilide (1) as the main product (5 mg, 52.4%) and starting material (2 mg, 20%) was recovered.
Treatment of 5 with (S)-(-)-α-methylbenzylamine
5 (25 mg, 0.06 mmol) was dissolved in MeOH (10 mL) and (S)-(-)-α-methylbenzylamine (11 µL, 0.09 mmol) was added, the mixture was stirring at room temperature for 1 h, then was refluxed for 5 h. After usual work up, only the starting material was recovered.
Derivatization of rac-Diligustilide (1) with (R)-(+)-α-methylbenzylamine
To a solution of rac-diligustilide (4, 99.2 mg, 0.26 mmol) in dry toluene (10 mL) was added (R)-(+)-α-methylbenzylamine (57.12 mg, 0.47 mmol), the reaction mixture was stirred and refluxed under a nitrogen atmosphere for 20 h. The reaction mixture was cooled, neutralized with HCl (10%), extracted with EtOAc (3 × 10 mL), and the organic layers were joined and washed with brine, dried with Na 2 SO 4 , and the solvent evaporated under reduce pressure. 
